An Open-Sourced Statistical Application for Identifying Complex Toxicological Interactions of Environmental Pollutants by Perkins, Jordan T. et al.
University of Kentucky 
UKnowledge 
Superfund Research Center Faculty 
Publications Superfund Research Center 
3-1-2017 
An Open-Sourced Statistical Application for Identifying Complex 
Toxicological Interactions of Environmental Pollutants 
Jordan T. Perkins 
University of Kentucky 
Michael C. Petriello 
University of Kentucky, michaelcpetriello@gmail.com 
Li Xu 
University of Kentucky 
Arnold J. Stromberg 
University of Kentucky, astro11@uky.edu 
Bernhard Hennig 
University of Kentucky, bhennig@uky.edu 
Follow this and additional works at: https://uknowledge.uky.edu/superfund_facpub 
 Part of the Environmental Health and Protection Commons, and the Toxicology Commons 
Right click to open a feedback form in a new tab to let us know how this document benefits you. 
Repository Citation 
Perkins, Jordan T.; Petriello, Michael C.; Xu, Li; Stromberg, Arnold J.; and Hennig, Bernhard, "An Open-
Sourced Statistical Application for Identifying Complex Toxicological Interactions of Environmental 
Pollutants" (2017). Superfund Research Center Faculty Publications. 1. 
https://uknowledge.uky.edu/superfund_facpub/1 
This Review is brought to you for free and open access by the Superfund Research Center at UKnowledge. It has 
been accepted for inclusion in Superfund Research Center Faculty Publications by an authorized administrator of 
UKnowledge. For more information, please contact UKnowledge@lsv.uky.edu. 
An Open-Sourced Statistical Application for Identifying Complex Toxicological 
Interactions of Environmental Pollutants 
Digital Object Identifier (DOI) 
https://doi.org/10.1515/reveh-2016-0044 
Notes/Citation Information 
Published in Reviews on Environmental Health, v. 32, issue 1-2, p. 23-26. 
©2017 Walter de Gruyter GmbH, Berlin/Boston. 
The copyright holder has granted the permission for posting the article here. 
This review is available at UKnowledge: https://uknowledge.uky.edu/superfund_facpub/1 
Rev Environ Health 2017; 32(1-2): 23–26
Mini Review
Jordan T. Perkins, Michael C. Petriello, Li Xu, Arnold Stromberg and Bernhard Hennig*
An open-sourced statistical application for 
identifying complex toxicological interactions of 
environmental pollutants
DOI 10.1515/reveh-2016-0044
Received August 15, 2016; accepted September 23, 2016; previously 
 published online January 24, 2017
Abstract: The rising number of chemicals that humans are 
exposed to on a daily basis, as well as advances in bio-
monitoring and detection technologies have highlighted 
the diversity of individual exposure profiles (complex 
body burdens). To address this, the toxicological sciences 
have begun to shift away from examining toxic agents or 
stressors individually to focusing on more complex mod-
els with multiple agents or stressors present. Literature on 
interactions between chemicals is fairly limited in compar-
ison with dose-response studies on individual toxicants, 
which is largely due to experimental and statistical chal-
lenges. Experimental designs capable of identifying these 
complex interactions are often avoided or not evaluated 
to their fullest potential because of the difficulty associ-
ated with appropriate analysis as well as logistical factors. 
To assist with statistical analysis of these types of experi-
ments, an online, open-sourced statistical  application was 
created for investigators to use to analyze and interpret 
potential toxicant interactions in laboratory experimental 
data using a full-factorial three-way analysis of variance 
(ANOVA). This model utilizes backward selection on inter-
action terms to model main effects and interactions.
Keywords: environment; pollutants; toxicological 
interactions.
Introduction
Environmental pollutants in water, air, soil, and food, 
in addition to social factors like lifestyle, occupational 
hazard, and geography all contribute to an individual’s 
toxicant exposure-response profile. The culmination of 
these factors means humans are concomitantly exposed 
to many different types of toxic agents at any given time 
[1]. This fact is further highlighted by the Chemical Sub-
stance Inventory, which currently contains over 80,000 
different chemicals that are used in manufacturing [2].
Toxicology has historically focused on research 
examining the toxicity of individual agents, largely due 
to technological, statistical, and logistical limitations 
of proper study designs [3]. While these types of studies 
have been invaluable, especially in toxicology, and serve 
as a basis for setting exposure standards to protect human 
health, the ultimate application of these findings to real-
istic human exposures is limited by the attention to indi-
vidual compounds. It has therefore been recognized that 
attention needs to be given to the effects of mixtures of 
agents. The National Institutes of Health, and in particular 
the National Institute of Environmental Health Sciences 
(NIEHS), have continually acknowledged the importance 
of mixture research and have emphasized the necessity of 
evaluating mixtures of exposures [3–5]. This national focus 
on mixture research, as well as improvements in analytical 
capabilities, has spurred emerging areas of research shift-
ing away from single-agent exposures, to more compli-
cated experimental designs involving multiple exposures.
As the necessity increases for toxicologists to shift 
away from implementing studies examining agents on an 
individual basis, several methods of risk assessment for 
multiple-pollutant exposures have been proposed and 
used. For example, dioxins, furans, and polychlorinated 
biphenyls, have historically had their toxicity expressed 
in relation to 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) 
using the toxic equivalency factor (TEF), which can be 
summed and used to express the toxicity of a mixture 
using the toxic equivalency (TEQ) [6]. Multiple other 
approaches for risk assessment, such as the maximum 
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cumulative ratio (MCR) [7], concentration-addition (CA) 
model [8, 9], and the independent-action model [10, 11] 
have been developed to analyze large mixtures of dis-
similar compounds. These approaches are largely geared 
toward risk assessment in epidemiological settings or 
theoretical models, and are less appropriate for labora-
tory research.
In order to study the mechanisms of toxicity of mul-
tiple exposures in a laboratory setting, appropriate sta-
tistical tests must be used on data obtained from suitable 
experimental designs, specifically a full-factorial experi-
mental design. The analysis and interpretation of these 
types of experiments often rely on statistical knowledge 
that requires additional training or support from a statisti-
cian. Frequently, these types of experiments are avoided, 
improperly analyzed, or not evaluated to their fullest 
potential because of a lack of familiarity with the proper 
statistical tests or the absence of statistical support. This 
can lead to missed opportunities at identifying complex 
and novel interactions that are occurring when multi-
ple agents are present that can enhance or attenuate the 
 toxicity of the agents. Therefore, the statistical  application 
presented herein is intended to make these complex sta-
tistical analyses more approachable and efficient by pro-
viding a tool that allows for proper interpretation and 
analyses without the use of intricate statistical software.
Materials and methods
Required experimental design
In order to utilize the full-functionality model, a full-factorial experi-
mental design must be used, where all the combinations of variables 
being present or absent are studied. For example, an experiment 
studying three agents would therefore have eight groups: a control, 
three individual exposures, three binary mixtures of exposures, and 
a tertiary mixture of all exposures. The model is capable of running 
analyses of two-way factorial as well as one-way designs as long as 
the higher order terms are omitted from the analyses. These experi-
ments still require a full-factorial experimental design in order for the 
model to be utilized.
Statistical analysis
The model presented employs a full-factorial three-way analysis of 
variance (ANOVA), which is the most powerful design available for 
examining three treatment effects with possible interactions. The 
interactions are identified using this test and iterations of backwards 
elimination when appropriate. A knowledge or understanding of 
backwards elimination is not needed to utilize the open-sourced app; 
one needs to just follow the instructions on the Shiny App website 
(explained below). In general, the backwards elimination process 
is a step-wise progression that involves eliminations of interactions 
terms with non-significant p-values. It begins by the elimination of 
the third-order term (the interaction term that contains all three of 
Figure 1: Flowchart describing the progression of analysis of a full-factorial experimental design using the proposed statistical application.
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the variables of interest) from any subsequent statistical testing and 
rerunning the model. If any of the second-order terms (the interaction 
terms that contain any combination of two of the variables of interest) 
have a non-significant p-value, then the term with the largest p-value 
is removed, just as the third-order term was, and the model is run 
again. The process is repeated until all the second-order terms have 
significant p-values or no second-order terms remain in the model, 
leaving only the main effects (the terms containing only one of the 
variables of interest). This progression is summarized in Figure 1.
All statistical analyses and programming were carried out using 
the R language and environment for statistical computing (Vienna, 
Austria) [12]. It is suggested that, prior to any statistical analyses, the 
data be graphically represented and evaluated for normality. If nor-
mality issues are observed or suspected, then a log(x + 1) transforma-
tion is recommended.
Shiny application
The open-source application can be accessed by visiting https://
shiny.as.uky.edu/li/ and is capable of accepting the comma-sepa-
rated values’ file type (.csv) for file upload. Specific instructions for 
the use and interpretation of the findings using the program can be 
found on the linked PDF file on the application’s interface.
Discussion
Large quantities of pollutants and therefore an equally 
large number of potential interactions ensure that mixture 
modeling and the subsequent statistical analysis will con-
tinue to prove challenging. To combat some of this dif-
ficulty, this proposed statistical application provides a 
resource for investigators who are interested in mixture 
research, especially in a laboratory setting with minimal 
statistical support to accurately analyze and assess 
interactions data. Specifically, it employs the three-way 
ANOVA to analyze the presence or absence of statisti-
cally significant interactions occurring in an accompany-
ing full-factorial experimental setting. Most importantly, 
it is designed in a way that is easily usable and readily 
interpretable. As described above, this application can 
be accessed online and used at the discretion of the user. 
Additionally, the application also contains instructions 
for use, proper analysis, and interpretations of the find-
ings, as well as sample data. Taken together, these docu-
ments should enable researchers to analyze their data for 
potential interactions.
Conclusion
The statistical application described above will attempt 
to address inadequate statistical support that may limit 
complete analysis and interpretation of experimental data 
that could potentially yield important information con-
cerning interactions between toxicants or related agents. It 
is suggested that users utilize the documentation provided 
with the application as a guide to ensure proper interpreta-
tion of their results. Ultimately, this model should be used 
as a statistical tool, leaving the final explanation of the 
results to the discretion of the researchers. In summary, 
this application provides an open-sourced application 
capable of performing the statistical analysis required for 
mixture experiments, paired with accompanying docu-
mentation that explains the interpretation of the results.
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